Social behaviors are ubiquitous and crucial to an animal's survival and success. The 8 behaviors an animal performs in a social setting are affected by internal factors, inputs from the 9 environment, and interaction with others. To quantify social behaviors, we need to measure both 10 the stochastic nature of behavior of isolated individuals and how these behaviors change as a 11 function of the environment and features of social interaction. We probed the behavior of male 12 and female fruit flies in a circular arena as individuals and within all possible pairings. By combining 13 measurements of the animals' position in the arena with an unsupervised analysis of their 14 behaviors, we fully define the effects of position in the environment and the presence of a partner 15 on locomotion, grooming, singing, and other behaviors that make up an animal's repertoire. We 16 find that geometric context tunes behavioral preference, pairs of animals synchronize their 17 behavioral preferences across trials, and paired individuals display signatures of behavioral 18 mimicry. 19 20
Introduction 21
Social behaviors are exhibited by a wide variety of species and include such diverse categories 22 as courtship, aggression, dominance hierarchies, collective flocking, and group decision making 23 (Lorenz, 2002; Tinbergen, 1963; Bialek et al., 2014; Giuggioli et al., 2013; Ni and Ouellette, 2015 ; 24 1 of 27 Durisko et al., 2014; Louis and de Polavieja, 2017; Dombrovski et al., 2017; Ramdya et al., 2017) . 25 Ultimately, the actions an animal performs are influenced by a combination of environment, social 26 interaction, and internal state (Censi et al., 2013) . Separating out these contributions to isolate the 27 nature of social interaction has remained a challenge. Many previous attempts to quantify social 28 interactions and networks have used proximity data but this is insufficient to probe social effects on 29 non-locomotive behaviors (Katz et al., 2011; Herbert-Read et al., 2011) . Other work has examined 30 the effect of unidirectional social stimulus on an individual which does not allow for the study 31 of the inherent closed-loop, multi-directional nature of many social behaviors (Coen and Murthy, 32 2016; Coen et al., 2016; Stowers et al., 2017) . We move beyond these limitations by recording the 33 position and full behavioral repertoire of pairs of fruit flies, allowing us to separately quantify the 34 effects of environment and social interactions on behavior. 35 In pairs from various species, both individuals can perform the same behavior simultaneously, a 36 phenomena referred to as mimicry, imitation, synchrony, and contagion Zentall (2004, 2006) . This 37 is not to be confused the Batesian mimicry, where one species copies the physical appearance 38 of another Zentall (2006) . Neural mechanisms of behavioral mimicry have been explored in hu-39 mans and the discovery of mirror neurons, cells which reliably fire during the execution of motor 40 sequences performed by others, has spurred hypotheses about their mechanisms in learning and 41 pro-social behavior Iacoboni (2009) . The proposed functional roles of mirror neurons in humans 42 and certain apes include action understanding and action learning, properties which are not likely 43 to exist in simpler organisms Rizzolatti and Craighero (2004) . Behavioral mimicry can result in 44 benefits to both individuals such as an enhanced avoidance of a predator and the facilitation of 45 feeding behaviors Welty (1934) ; Allee et al. (1931) ; Tolman (1964) ; Bates and Byrne (2010) . These 46 benefits can arise from simple behavioral matching, where an animal performs a behavior already 47 present in its repertoire in response to the action of another, and do not require complex cognitive 48 mechanisms Byrne (2009) . 49 We ask whether there are discernible behavioral effects arising from simple social pairings of 50 fruit flies by using an unsupervised behavioral quantification paradigm. We compare the effects 51 of same-sex and courtship pairings on behavior and find that the behaviors performed by an 52 individual depend on not only the social pairing but also the particular context an individual finds 53 itself in. We find behavioral effects induced by the location of a fly within the experimental arena 54 and the distance of the individual to its interaction partner, as well as behavioral mimicry within 55 2 of 27 interaction pairs at short time scales.
56

Results
57
We recorded the behavior of Drosophila melanogaster across lone and paired individuals in a 58 featureless circular arena of radius arena for 30 minute recordings, or less if copulation was reached 59 in the case of courtship pairings. The number of experiments and total time recorded for each 60 pairing is summarized in 2. Video was recorded from above on a backlit stage, where flies were 61 allowed to freely move and interact under a plastic dome with 22mm diameter. Analysis of the 62 resulting video used an unsupervised behavioral paradigm to assign behavioral labels. We also 63 recorded the position and orientation of each individual over time.
64
Position and Orientation for Single and Paired Flies
65
We started by measuring the position of the animals in the arena in each context. Flies show a 66 preference for the edge compared to the middle of the arena, which we quantify through the 67 distance to the center, (Fig. 1A) . This effect has been previously reported when flies are restricted 68 to a circular arena, and shows the importance of arena geometry when considering spontaneous 69 behavior (Valente et al., 2007) . 70 For paired contexts, we also measured the distance between the individuals, ( Fig. 1B) . These 71 distributions are all bi-modal with a narrow peak at short distances and a broader tail that extends 72 to the largest distance = 2 arena . We compare these histograms to the expected distribution 73 of distances between points on a disk, derived as described in Weisstein (2000) , and find that all 74 pairings spend more time at short distances than expected. We find that individuals in courting 75 pairs spend much more time close to each other than those in same-sex pairs. This is likely because 76 most of the behaviors associated with courtship occur at a short distance to allow for physical, 77 chemical, and auditory communication and attempted copulation. Interestingly, the male-male and 78 female-female pairs also exhibit a peak at short distances, indicating that these pairing also induce 79 short-range social interactions. To investigate the combined effects of pairing and the environment, 80 we plotted the two-dimensional histogram, ( , ), for each context (Fig. 1C ). 81 We next examined the prevalence of flies to orient themselves relative to a partner ( Fig. 1D ). 82 We define the angle of heading for a paired individual as the displacement in degrees from facing 83 toward the interaction partner as described in Klibaite et al. (2017) . We find that the courting male 84 3 of 27 predictably spends most of his time angled toward the female and the female is unlikely to face 85 toward the male during courtship. The same-sex pairings exhibit more uniform distributions of 86 heading, indicating that they do not prefer to face towards or away from their interaction partner 87 as strongly as during courtship. Interestingly, the male individuals show a suppression of heading 88 directly toward their interaction partner. This effect has been suggested previously, when it was 89 shown that a female odor incited males to orient toward and touch other flies, and that a male 90 odor induced the same effect to a lesser extent (Shorey and Bartell, 1970) . 91 
Quantification of Behavior Across Social Contexts
92
We quantified the behaviors exhibited by lone and paired flies using the method described in To compare behavior quantitatively, we calculated the Jensen-Shannon (JS) divergence between 111 the behavioral probability densities (Lin, 1991, Eq. 1, Fig. 2c ). We find that the three female contexts males that are lone or paired with another male are more similar to females from all contexts than 115 to courting males.
116
The effect of arena position on behavior 117 We combine measurements of animal position and postural dynamics to investigate the effect of 118 environment on behavior. We started by investigating the behavior of lone individuals at different 119 distances from the center of the arena (Fig. 3) . whereas there is a marked change in behavior at the 7 mark. This effect is stronger in males 133 than females, and is not as prominent in the courtship condition for either sex, likely due to social 134 arousal interfering with environmental cues.
135
The effect of a partner on behavior 136 We have previously shown that distance to a courtship partner has an effect on behavioral density 137 (Klibaite et al., 2017) . We generate behavioral maps for each paired context from time points 138 spend in sliding 2 distance bins to the partner, and find that this is also true for same-sex 139 pairings. We perform the same analysis of divergence between maps as when investigating spatial 140 effects, and discover a blocky structure in the all-to-all JS divergence measurements across partner 141 distance in certain contexts ( Fig. 5 B) . There appear to be two modes in courting male behavior 142 depending on proximity to the female, and the drop off between these modes occurs at a distance 143 7 of 27 of approximately 4 to the female. Surprisingly the male-male context has a similar behavioral 144 switch at this distance, although the effects are not as strong based on divergence to maps at a 145 greater partner-distance. The changes to the female behavioral density as a function of partner 146 distance are more subtle in either female context, and suggest that social behavior in females is 147 not as dependent on these simple variables. 148 In order to build towards models of social behavior we must consider whether the individual 149 preferences of animals within a pairing affect the behavior of both individuals within a pairing. We 150 find the correlation values of pairs of coarse-grained behaviors in single individuals and individuals 151 within paired contexts ( Fig 6A) . There are several consistent trends across all individuals, such as 152 positive correlations between crawling and locomotion, which simply means that individuals that 153 tend to walk often also tend to run more than their counterparts. Another similar finding is that 154 individuals that perform wing-related behaviors often also perform more posterior grooming, likely 155 because these behaviors are related and likely to be performed one after the other based on the 156 hierarchical transition structure we know is a feature of fly behavior (Berman et al., 2016) . Other can calculate the total mutual information for a particular context, summarized in Table 1 . 201 When we calculate the mutual information (MI) on a movie-by-movie basis (Fig. 8B) , and consider The sums across partial mutual information are calculated for each context from the matrices displayed in Figures 8A, 8B and from synthetic data generated using a one-step HMM with probability densities and transition data derived from behavioral sequences for each condition. All values are in bits. While there are clear trends for preference of positioning between animals in a small arena ( Fig.   229 1), we also find that the preferential execution of different behaviors depends on an individual's 230 location in the arena and especially distance to its partner. We visualize these preferences given its environment, where we believe we are reading out some noisy downstream output of many 246 sensory and neural transformations. We can ascribe behaviors to causes originating from neural 247 activity and design experiments to test these assumptions. However, we also have deeper questions 248 in regards to the nature of how and why behavior is organized in the brain, in time, and between 249 multiple individuals in order to produce collective effects. There is a newfound, or perhaps, in the 250 face of new high-throughput techniques, seemingly more tangible, desire to ascribe principles to the 251 organization of behavior, and to explain how behaviors have evolved to assume such organization. 252 We refer to the combined effects of these properties as the structure of behavior. 253 We know many particulars about behaviors of and interaction between fruit flies, such as the 254 averaged responses to particular pheromones or stimuli (Sokolowski, 2010; Agrawal et al., 2014 ) 255 but only have a vague sense of what will happen when they are allowed to freely interact in a 256 naturalistic environment. After introducing two conspecifics, how much do we really know about 257 how an interaction will progress? In order to address behavioral dynamics in a tangible way, we ask 258 if there is structure in the behavior of the fruit fly that is present regardless of pairing and if there 259 are special contexts or circumstances that predictably alter this structure. 260 Here we address the structure of paired behavior in fruit flies at several scales, paying particular 261 attention to the differences between paired and lone flies. We wish to discern the effect that 262 simply being in a social context has on behavior, as well as how animals respond to different 263 contexts within the large umbrella of socialization. We calculate features that we can keep track 264 of throughout our analysis, such as the distance between individuals and the deviation in their 265 20 of 27 heading changes, and show how these shape the density distribution of the behaviors performed 266 by an animal. We address the same effects in lone animals where possible, and show that unpaired 267 animals respond to their geometry, and these effects persist in the paired contexts. 268 We illustrate several ways in which social behaviors may emerge with a simple example in Figure We use a custom-built rig to film the behavior of interacting fruit flies. Our rig can accommodate 301 four experiments at once, allowing for the acquisition of two dozen half-hour movies per day. The 302 setup is the same one described in (Klibaite et al., 2017) In order to address the effects of paired social context, and not just the courtship context, 310 we filmed behavioral movies of male-female pairs as well as male and female same-sex pairs. 311 Additionally, movies of isolated flies from the same population for either sex provide a control 312 that allows us to compare spontaneous behavior to interaction. We have increased the time 313 captured for each type of interaction from what was previously described in order to achieve high 314 enough sampling to analyze not only behavioral densities but to obtain many samples of each 315 behavior performed. The number of movies and time of behavior recorded for each pairing is 316 summarized in We perform behavioral embeddings for all recorded movies using the pipeline introduced in 321 (Berman et al., 2014) . Table 3 . Parameters used in the behavioral analysis pipeline are described and values used throughout this analysis are listed. For more details see supplement of (Berman et al., 2014) transform and attached descriptive terms in order to combine clusters into coarse grained regions. Mutual Information Analysis 339 We calculate the mutual information for all movies in a given context, as well as each movie 340 individually. We use with the following equation, where 1 and 2 are the underlying distributions 341 of behaviors for a given type of individual.
342
( 1 ; 2 ) = ∑ 1 ∈ 1 ∑ 2 ∈ 2 ( 1 , 2 ) log ( 1 , 2 ) ( 1 ) ( 2 ) (3)
We produce synthetic data given an 8-state HMM (Hidden Markov Model) with the probability 343 and transition matrices calculated from trajectories through the coarse behavioral space for each 344 interaction context. The synthetic data is the same length as the true data for each context. 345 
